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SUMMARY

The cooling characteristics of a l4-cylinder double-row
radial alr-cooled englne installed in a four-englne airplane
have been investigated. All cooling data were obtained during a
single flight at a pressure sltitude of 7000 feet. The investi-
gation was conducted in such a manner that the effects of charge-
air flow, cooling-air pressure drop, and fuel-alr ratio on the
engine cooling characteristicse could be separately investigated.

The flight cooling date were correlated by the method devel-~
oped In NACA Report No. 612. Predictions of maximum engine tempera-
tures and cooling-limited engine performence were then made from
the correlation results for normal flight conditions of the airplans.
Maximm 'bampera‘bures at the rear middle of the cylinder barrel were
greater than 350° F for ell conditions investigated. Temperature-
limited performance was pradicted for hesd limits of 400° and 450° F.
The tempera“ure-limited performance predicted for 400° F and cowl
flaps one-third opan agreed very well wita the maxnifacturer's
specified mexi.mm crulsing power in combination with the carburetor-
metering characteristic curve.

INTRODUCTION
At the request of the Army Alr Forces, Alr Technical Service

.Cammand , e general investigation on the evaluation of triptans and

other high-antilknock fuel compounds as components of aviation fuels
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is being conducted at the NACA Clevelend laboratory. The first phase
of the flight progrem - the determination of cooling characteristics
of the engine - is presented herein. A correlation of the cooling
characteristics 1s necessary in order to compare ths cooling-limited
power of the engine with the knmock-limited power and thereby evaluate
test fuels. .

A flight wae made with a l4-cylinder double-row radial alr-cooled
engine installed in a four-engine alirplanse at a pressure altltude of
7000 feet, low blower ratlo, an engine speed of 2230 rpm, and a spark
advance of 25° B.T.C. The fusl was 28-R. The installation of cylinder
thermocouples and cooling-alr pressure tubes conformed to current NACA
practice. The results obtalned are descrlibed herein and a correletion
of the englne cooling date basod on the method developed in reference 1
1s presented.

. IQUIPMERT AND INSTRUMENTATION

The investigation was conducted with an R-1830-90C engine mounted
in the left inboard nacells of a B-24D alrplane shown in figure 1. The
engline 1s a l4-cylinder double-row radial alr-cooled engine with a
noimal rated power of 1100 breke horsepower at 2550 rym end take-off
Fower of 1200 brake horsepower at 2700 rpm. The test engine dlffers
from the engines which are standard equipment in the airplane in that
it is equipped with a single-stage, two-epeed .supercharger havingz a
low blower ratio of 7.15:1 and a high blower retio of 8.47:1. A
manual control was Installed for the waste gate of the turbosuper-
charger to provide better boost control. The engine was equipred with
a three-blade propeller and was fitted with a hydraulic torquemeter
having a gear ratio of 16:9. A PD-12F2-16 inJectlon carburetor, pro-
vided with a speclal mixture-control plate, was used on the test englns.

The airplane was so equipped that all data could be recorded within
10 seconds after stabllization. A 100-tube liguid menometer and a
60~cell KACA recording mancmeter were utilized for measuring the engine
cooling-air pressures. The temperatures were indicated by meens of--
two NACA recording galvanometers capable of recording 100 temperatures
within a 10-second period. The carburetor was calibrated in enair
box In order that the rate of alr flow could be determined in flight
by measuring the carburetor-alr metering pressuros. The alr-box cal-
Ibration was corrected for lnstallation effect by a recalibration with
the carburetor on the engine in the alrplane and all ducting in -
Place. Fuel flows were manually recorded from a rotameter and were
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¢hecked by a deflecting-vane-type indiocntor. Fuel-air ratio was
determined from fuel- ani alir-flow calculations and was checked
by Orsat analysis of the oxlidized exhaust gas. :

Fngine cooling-air pressure drop for the cylinder heads was
taken as the average differential pressure between the three total
pressures at the baffle entrance of the front-row ‘cylinder heads
end the two static prossures in the stagnation region behind the
head baffle end in the baffle-exit curl of the rear-row cylinder
heads. The cooling-alr preossure drop across the engine for the
barrels wes taken in a similar manner using the two front pressures
end the one static pressure in the baffle curl. The location of
the pressure tubes on the cylinder baffles 1s 1llustrated In fig-
ure 2. L .

Cylinder-head tsmperatures used in the cooling mnalysils were
measured by 14 embedded thermocouples, designated Tzg 1in figuro 2,
lnserted one third of the hoad-wmetal thlickness into the rear-spark-
plug boss of tho cylinders. The thermocouple Junctlon wes located
at the bottom of a brass bushing (1/8-in. diam.), as shown in fig-
ure 3. Mgure 2 also shows the rear-spark-plug-gasket thermocouple
T12 used in dotermining temperature limits In accordance wlth manu-
facturer's specifications.

The barrel temperature was measured by thermocouple Tg 1in the
roear middle of the cylinder outer wall between fins € and 7, counting
from the top fin. (See fig. 2.) The Junction of this thermocouple
was gpot-welded to the cylinder outer wall.

Free-alr static pressure was measured by an NACA swiveling
stetic-pressure boom and free-alr temperature was Indicated by a
spscial slx~-junctlon pyrometer. )

TEST PROCEDURE

The flight test was divided Into threo parts:

l. Chrrgo-alr flow was varied whille tho fuel-ailr ratio was held
ag close to 0.08 as possible and the sngine cooling-alr pressure drop

wes mgintalned epproximately constant,

2. Cooling-air pressuro drop was varied while fuel-air ratio
and englne-air consumption were maintalned approximately constant.

S. The fuel-air ratio was varled while cooling-air pressure drop
and charge-air flow were maintalned approximately ccnstant.
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CORRELATION PROCEDURE

The englne cooling date were reduced by the correlation mothod
developod in refeorence 1. The standard equatlon developod in refor-
ence 1. may be presented 1n the form .

n
Th - Tq or Tp - T = K Mo
Tep - Th  Tgy = To (o#p)m
where
Tq cooling-air temperature, °F (computwd stagnation temporature)
Th average (of 14 cylinders) cylinder-head temperaturo, OF
Ty average (of 14 cylinders) cylinder-barrcl tempereturs, OF
Tep moan effective gas tempcrature for head, °F
st moan effective gas temperature for barrel, Op
Mg charge-air welght flow, Rounds per hour
10wV
o roatio of coolling-air stagnation demslty at face of engine
to NAC: standard density at sea level (stagnation density
calculeted from frce-alr pressure and temporaturc at each
flight velocity)
Ap cooling-air pressure drop, inches of water

n, my, K constants derlved from cooling data

The cooling equation can also be prusented 1n the form

m

T -7 -ﬁ,;“/‘“)
-Ts ok

Tg - T \‘onp_

where T deoslgnntes enginc tempourature, elther -head or barrsel.

The mean effectlvo gas temperature Tg represents the aver-
age cycle gas temperature effectlive 1n the transfer of heat from
gases within the cylinder chamber to the cylinder wall. The values
of Tg, according to NACA cooling recommondations, are 1086° and
536° F for heads and barrels, respectively, at a fuel-uir ratio
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of 0.08 end a carburetor-air temperature of 0° F. The calculations
necessary for developing the correlation were based on s portion of
a TSO curve parallel to the T curves obtained with the seme

model double-row radial air-cooled engine movnted on & test ste,nd..
This portion of the assumed T, ocwrve waBd nec'essary for determining
the constants in the cooling equetion because fllght conditlons pre-
vented maintaining a congtant fiel-alr ratlo of 0.08 and because of

the limitations in carburetor metering. The analysis presented in

this report is based on TSo L

The mean effective gas temperature T . ‘was sxrrived at in the
conventionsl menner (reference 2). Because of fuel veporization in
the inteke manifolds, the temperesture of the charge T, ocould not
be accurately measured by a thermocouple and was therefore teken as
the sum of the carburetor-inlet tempera.tm'e T and the computed
temperature rise across the supercharger. - The values of EIJg werwe

then determined from the folloving equetions, which are completely
derived in reference 2.

Tsh=T80h+O.8Tm=T86h+OB‘T +19.5 ("’n‘gl-——ig—o-rﬁfj (noads)

Tap go_b+oe€:‘.2.\w ’TsOb+°42T +19.s(‘”_‘8“%r£‘9 (barrels)

Curves used for determining the exponents n and m ere pre-
sented in figures 4 and 5. The exponents n were determined from
the slopes of ths curves In figure 4 in which charga—au' Jlow 18

plotted agaim;t T - Ta at & cbnatant cool:Lng-a.ir pressm:'e drop
. T - T
8
Ap eand a- fuel-alr ratis of 0 .08. 'I.'he exponent.s m were d.etamined.

:in a similar menner from figure 5 in which - - 0Ap 1g'the variable
instea.d. of charge-a.ir flow Gorrela.tion curves were then o'bta:l.ned.

by plotting " Ta against “en/ for hea.d.s and for barrels.

; Constant conditions were difficult "to maintain in Flight; there-
fore, corrections had to be made for varia.‘biona of M and OAp

during runs when éither of" these fa.c'l'.ors was sup:posed.'l.y held con-
stant. A serles of preliminery graphs was made for both the con-
struction curves and the corrslation lines untll the error dus to
the varlations of OAp 'and M, was reduced to a negligible amount.
The final comla.ticm curves aré shown in figure 6.
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Curves of T egainst fuel-alr ratio for heads and barrels

(fig. 7) were determined fram runs at variable fuel-air ratio during
wvhich Ap and engine charge=-alr flow were maintained as nearly con-
stant as possible.

RESULTS AND DISCUSSION

The final correlation curves (fig. 6) represents the cooling
characteristics of the engine at a prussure altitude of 7000 feet.
- These. charactoristics may be mathematically expressed by the fol-
" lowing equations: .

- 0+636 ] 1.08% °H
" Ta o gompa| Me or 0.324 M : (bsads)
Tg =T 0.321 ' oA

&y h L(o'Ap) i P,

0. 438
' [ 0.737 ] l 68’
T, - T, M,
: = 0.791|————ejor 0.79 (barrels)
I | 0.438 '
. 8 P | (04p)

The equations apply for values of T8 obtained :t’rom the T curve
. established in thls test. So

The deviations of the maximum cylinder tempercture from the
averago cylinder tempersture, as determined 1n flight, are shown for
heads and barrels in figures 8 and 9, respectivoly. These curves
are Inocluded to permit the prediction of moximum temperatures from
the 2verago tcmpermaturcs, whlch were obtained by means of the cooling
equation. In order to compare the' temperatures predicted by the
cooling equation with the maximum cylinder temperatures specified hy
the engine monufacturer (reference 3), a curve showing the relation
between the average roar-spark-plug-boss temperatur® Tzg used for
the ocorrelotion and the maximum rear-spark-plug-gasket gemperature
T12max Woo Plotted. (See fig. 10.) For the normal operating con-
ditions of the airplane specified in the flight manunl (reference 4),
the maximum temperatures tabulated in the last column of ‘table I
could be oxpocted. Theso predicted temperatures are basod on /Army
.summer air. The barrel temperatures predicted by the cooling oquation
were in all cases higher than those corresponding to the limitations
set hy the manufacturer for the rear of the oylinder flange; the
‘menufacturer's maximum head-temperature limitations appear to be
satlsfied within a reasonable margin. The top rear-row cylinders
wero the hottest during the cooling test and were usually in a
decreasing order of 3, 1, 13, and 5.
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Figure 11 shows the predicted temperature-limited manifold
pressure, brake horsepower, and rear mliddle-barrel temperatures
expected during flight of the airplame of 50,000 pounds gross
weight at a density altitude of 7000 feet for maximum rear-spark-
plug-gesket temperatures of 400° and 450° F. Calculations were
made by the use of the crulse control chart for the B-24D alrplane
(reference 4) and air-flow manifold-pressure data obteined with
high-performance fuels. Inasmuch as the maximum cowl-flap opening
gpecified -by the alrplane manufacturer is one-third open, no wider
settings were investigated. The engine memufacturer's Instructlons
for meximum crulse with the test engine specify a manifold pres-
sure of 28 inches of mercury absolute at 2250 rpm, low blower ratlo,
end automatic-lean setting. The automatic-lean, carburetor-metering
characteristic curve 1n figure 11 indicates that this crulsing power
falls close to the estimated temperature-limited performance curve
for a maximum rear-spark-plug-gesket temperature of 400° F with cowl
flaps one-third open.

Cooling of the double-row radial alr-conled engine is more
critical for cylinder barrels than for heads, according to the
menufacturer's temperature limits. This limit for cyllinder barrels
1s 335° F at the rear of the cylinder flange, which was found to be
approximately equivalent to a rear middle-barrel temperature of 350° F
on the same model engine on e test stand upon which both temperatures
wore simultaneously measured. - Barrel temperatures predicted by the
cooling equation exceed the limitations set by the manufacturer by
a conslderable emount. The predicted temperatures have been sub-
stantiated by measured temperatures above 400° F on the rear middle
barrel during take-off, cruise, and normal landing approach. Because
the engine cooling-air pressure drop for the alrplane is exceptionally "
high, temperetures higher than those observed during these tests could
be expected for this engine when installed in certain other airplanes.
The cooling-eir pressure drop for the installetion investigated varied
from 0.5 of. the free-stream impact pressure with cowl flaps closed to
0.95 of the free-streem impact pressure with cowl flaps full-open.

SUMMARY OF RESULTS
The following cooling characteristics were determined for a
l4-cylinder double-row radial esir-cooled engine installed in a
four-engine airplane:

l. The cooling equation for the engine was:
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a . T o638 |
T - Ta My o .
Tey = Tr . |oap)” ]
_ 0.737 7]
Ty - Tp Mg
, —— = 0.791. __51-55 (barrels)
Tgy - Tb - (oap)

"2 The predlcted rsar mlddle-barrsl temperaturos for the flight
conditions invostigated exceeded 3E0° F, which correosponds to thu
nmanufacturer's limit of 335° F at tho rear of the cylinder flange.

3. The predlcted cooling-limited monlfold pressurc, basod on
assumed operation of the airplane with four double-row radial air-
cooled cnglnes at 2230 rpm wlth cowl flaps ome-third opcn, varies
from 28 inches of mercury absolute at a fucl-alr ratio of 0.067 to
52 Inches of morcury absolute at o fuel-alr ratio of U.10 for a maximum
rear-spark-plug -gaskot tumparatura of 400° P (dcsired opereting tem-
perature); the ronge of wenifcld pressure wae from 44 to 85 inches of
mercury absolute for cowl fisps ono-third open end a maximum rcar-spark-
" plug-gasket temperaturo .of 450° F (maximum cruising temperature).

4. The manufacturer's specified maximum cruising power at an
.engine speed of 2250 rpm agreed closely with thc tomperaturc-limited
powor for a moximum reor-spark-plug-gasket temporature of 400° F with
cowl flaps onc-third open.

Alrcraft Engine Resoarch Laboratory,
National fdvlisory Commlttee for . cronautice,
Clevalend, Ohlo, Dccerber 20, 1944.
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TABLE T ~ COMPARISON OF MANUFACTURER'S TENPERATURE LIMITS ATTH PREDICTED
MAXTLUM TEMPERATURES FOR MNCRVAL OPERATING CONDITIONS

Operating|Engine Manifold Brake ixsure |[Cowl-flap|Location{Manufacturer's|Predicted
condition|spead |pressure|horse-| setting [position temperature maximum b
. {rpm) | (in. Hg |power Limits® temperatures
abs,) (°F) (°r)
¥ilitary | 2700 45 | 1200 |Automatic|1/3 open | Head 500 417
power rich 3arrel €350 386
Take-of f { 2700 48 1200 |Automatic|1l/4 to Head 500 506
rich 1/3 open | Rarrel 350 450
Normal 2550 41 1100 |Automatic!l/4 to Yead 450 409
rated rich 1/3 open | Barrel 350 380
pewer
Maximum 2250 28 700 |Automztic [Clnsed Head 450 413
cruise lean Barrsl 350 395
¥inirmm 1750 31 550 [Automatic |Clesed Head 450 396
spacific } lean Barrel 350 390
fuel con-
sumption
Normal 2550 20 ~——-{Automatic {Closed Head 435
lending (approx.) rich Rarrel 418
approach

———

02I%d “ON HW YOVN

Senufacturer's temperature limit. Head temperatures are rear-spark-plug-gasket temper-
atures T,p; barrel temperatures are rear midd.e-barrel temperatures TS'

Pealculations except for take-off power besed on Army summer alr at pressure altitude of
70C0 feot, cooling-air and carburetor-air temperatures of 60° F. Temperatures given
are as In footnote a.

ORear middle-barrel temperature of 350° F was found to correspond to a temperature of
335° F at the rear cylinder flange specified by the manufacturer.

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS



Figure 1. - View of

four-engine airplane used for flight knock and cooling investigation.
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Figure 2. - Typlical installation of total-pressure tubes H, static-pressure tubes p, and thermocouples T used on air-cooled
cylinders.
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(a) Method of locating thermocouple.

24-~gage, glass-insulated, iron-
constantan, duplex thermocouple

wire
30 percent of
head-metal Edges of hole peened for holding
thickness sleeve
l/8-inch-diameter brass sleeve with
f 2 1/10-inch-diameter hole drilled
;h) P to within 1/16 inch of bottom

0.040~inch—diameter hole

, ottom of hole tapered for a wedge
fit
%
7 Thermocouple wires silver-soldered

to end of brass sleeve

Spark-plug bushing
(b) Method of installing thermocouple.
Figure 3. -~ Methods of locating and Installing embedded thermocouple

Tzg in rear-spark-plug boss on cylinder head of double-row radial
alr-cooled engine.
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Figure 4. - Variation of Tn - Ta and a2 with Me at a pressure
T, - T Tz = Tp
g h 8y

altitude of 7000 feet. ¢Ap, 12.5 inches of water for head and
11.7 inches of water for barrel; low blower ratio; fuel-air ratio,
0.08; engine speed, 2230 rpm; spark advance, 25° B.T.C.

NATIONAL ADVISORY
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6

4

2.8 3
Figure 5. - Variation of Th - Taanda b~ Tawith dOp at a pressure
- m -
TQI Tn -& T
altitude of 7000 feet. Charge-air flow, 5000 pounds per hour;
low blower ratio; fuel-air ratio, 0.08; engire speed, 2230 rpm;
spark advance, 250 B.T.C.
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Figure 6. ~ Cooling-correlation curve at a pressure altitude of

7000 feet. low blower ratio; engine speed, 2230 rpm; spark
advance, 25° B.T.C.
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Figure 7. = Variation of mean effective gas temperature qk)with
fuel-air ratio. 64p, 12 to 14 inches of water; charge-air flow,

5210 to 5360 pounds per hour; low blower ratio; engine speed,
2230 rpm; spark advance, 25° B.T.C.
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Figure 8. - Deviation of maxlimum from average rear-spark-plug-boss
temperature measured by embedded thermocouples.
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Figure 1l. - Predicted temperature-limited manifold pressure, braike horsepower and corresponding
meximum rear middle-barrel temperatures for normal flight of four-engine alrplane with maximum
rear-spark-plug-gasket temperatures of 400° and 450° F. Army summer-air; altitude, 7000 feet;
low blower ratio; engine speed, 2230 rpm; spark advance, 25° B.T.C.
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